It is well known that bacterial variants resistant to phage may be developed easily and quickly from a parent susceptible strain, but the reason for the resistance of these organisms is not known. The phage-bacteria relationship resembles in many respects that of the virus and host cell. If the mechanism for phage resistance were known, it might give a clue to the mechanism of phage, and perhaps even of virus, multiplication and point the way for research into the chemotherapy of virus infections.
Growth. The inoculum for all growth studies was such that the initial concentration was approximately 4 X 10 bacteria per ml. Initial growth in all media studied proceeded more slowly in the case of the resistant (R) organisms, although the same point was reached in 24 hours by the susceptible (S) and the R.' Growth was followed in extract broth and casein hydrolyzate medium' both with glucose (0.5 per cent) and without. Growth in extract broth plus fructose, mannose, and galactose (all 0.5 per cent) was also observed, with the same results. All three R variants responded in like manner. Demerec and Fano (1945) compared the growth rates of 35 resistant mutants of Escherichia coli B with the growth rate of the parent strai. On the whole, growth rates for the mutants were lower than for the parent, but no large competitive disadvantage seemed to be systematically associated with phage resistance.
Aerobic oxidation of carbohydrates. With Warburg respirometers, the oxygen consumption by resting celLs of the S and R strains with several carbohydrates was determined. The cells were suspended in an M/30 phosphate buffer medium of pH 7.2. Approximately 0.75 mg of organisms (0.3 mg or approximately 9 X 108 bacteria per ml in final suspension) were added to each system. The carbohydrate (final concentration = 0.5 per cent) was added from the side arm after a period of equilibration, and the oxygen consumption was read every 15 minutes. The inner cup contained 0.3 ml of 20 per cent KOH to absorb the CO2. As seen in table 1, the R organisms showed less activity in all cases.
Anaerobic glycolysis. In contrast to the aerobic activity, resting cells of the S and R variants showed no significant difference in their anaerobic utilization of glucose. With fructose and mannose, however, R showed greater activity than 5, as is apparent in table 1. The reaction system consisted of 0.75 to 1.0 mg bacteria (0.3 to 0.4 mg or approximately 1 X 109 bacteria per ml in final suspension) suspended in M/30 phosphate buffer medium of pH 7.5,0.2 ml 1 M NaHCO8, and the hexose (0.5 per cent). Air was replaced by 95 per cent N2 + 5 per cent CO2.
Carboxylase activity. A study of the dismutation of pyruvate showed that the S strain possessed greater carboxylase activity than the It variants. In four experiments, at the end of the first hour the R variants showed an average of 30 per cent less activity. At the end of the third hour this decreased to 18 per cent and tended to remain constant for at least the two succeeding hours. Catalase activity. This was measured in Warburg respirometers by the decomposition of H202 by resting cells. The S and R strains showed the same 8 Growth inmost of the experiments reported was followed turbidimetrically by the KlettSummerson colorimeter employing a no. 54 green filter. Fifteen suspensions each of S and R, varying in count over the entire working range of all the experiments, were measured turbidimetrically and by viable plate count. The relationship between log number of bacteria per ml and turbidity in Klett units was linear for both S and R, with no significant difference between S and R. activity when grown in extract broth with or without 0.5 per cent glucose if the pH was kept at 7 during growth by buffering the medium. However, in ordinary unbuffered extract broth with added glucose, the pH fell to 5 during growth, and here the S strain lost 50 and 70 per cent of its catalase activity in two experiments, but the R strain lost only 16 and 24 per cent.
Oxidation of p-phenylenediamine. An attempt was made to measure the cytochrome-cytochrome oxidase system by the oxidation of p-phenylenediamine. This system is present in Staphylococcus aureus, but neither the S nor the R strains could be made to oxidize the diamine either in the respirometer or in spot tests (Sevag and Ross, 1944) . The failure of S. aureus to oxidize the were repeated 7 months after isolation, the difference in reduction time no longer existed, and it appeared that the S and R strains were equal in this activity. In spite of this change, the respective susceptibility and resistance had not altered. This shows that the former difference between R and S in this system was not a determinant in the resistance.
Studies by Use of Inhibitorse The results of the studies of inhibitor effects on the S and R variants are shown in figure 1.
1. Cyanide. Cyanide is an inhibitor of iron-containing enzymes and among respiratory enzyme systems acts specifically on the cytochrome-cytochrome oxidase system. a. Growth. The medium used was extract broth with and without 0.5 per cent glucose. Neither the difference in inhibition shown between S and R nor the effect of glucose may be regarded as definitely statistically significant as tested by the analysis of variance. However the t test (Fisher, 1941) , which was more sensitive in this particular case, indicated that R was less susceptible than S by about 8 per cent and that both strains were more susceptible in the presence of glucose by about 13 per cent. There was no consistent change with time over a period of 24 hours.
b. Oxygen consumption. The center well of the Warburg flasks contained a KOH-cyanide mixture as suggested by Krebs (1935) .
(1) Resting bacteria. The cells (0.3 mg per ml or approximately 9 X 108 bacteria per ml in final suspension) were suspended in M/30 phospbate buffer of pH 7.2, with glucose as substrate. Differences observed between S and R are not significant as determined by the analysis of variance. At the lowest concentration shown on the graph (0.0001 M) there was considerable variation, ranging from 40 per cent inhibition to 25 per cent stimulation.
Although at the highest concentration shown on the graph (0.1 M) the inhibition was 86 per cent for both S and R, the cyanide-stable fraction of total oxygen consumption is taken to be 19.7 plus or minus 1.4 per cent (calculated from 36 values) because of the flat plateau existing over a tenfold increase in concentration and because 0.1 M cyanide is an extremely high concentration for this inhibitor. At this high concentration cyanide may be inhibiting an enzyme which is resistant to it at lower concentrations, or it may be combining with the substrate.
' Most of these experiments studying the effects of various inhibitors were designed and performed on the analysis of variance (Fisher, 1941 Stannard (1939) reported the oxygen consumption of both resting and active frog muscle to be cyanide-sensitive, but only that of active muscle to be azide-sensitive. He interpreted this to mean that there are two cyanide-sensitive systems, one of which is azide-insensitive. Armstrong and Fisher (1940) in a study on the embryonic fish heart reached the same conclusion. Lichstein and Soule (1944) reported staphylococci to be more sensitive to azide in the absence of free oxygen, under which condition heme-containing enzymes are considered to be inactive.
a. Growth. The medium used was extract broth with and without 0.5 per cent glucose, in which 0.5 M azide was needed to inhibit growth completely. The difference betwveen inhibitions of S and R is not significant. Both strains were inhibited more in the presence of glucose.
b. Oxygen consumption (1) Resting bacteria. The analysis of variance showed no significant difference between S and R. Both are more susceptible at a pH of 6 than at a pH of 7.2, indicating that the HN3 is the active agent (or if required that it must enter the cell to act, that only HN3 can pass the cell membrane). Others have found this same relationship between activity and pH (Armstrong and Fisher, 1940; Chase, 1942 (2) Growing bacteria. Here the inhibition was much greater than with resting bacteria. No inhibition-was observed during the first hour, then increasing inhibition during the second hour, approaching a maximum during the third hour. There was no difference between S and R.
c. Anaerobic glycolysis. Inhibition in the case of R was greater than with S. There was no great change with time. This is the only indication of a difference between S and R under anaerobic conditions. The enzyme or enzymes involved here are not identified. In this connection, the effect of azide on carboxylase, with pyruvate as substrate, was studied, and in contrast to the foregoing finding, azide inhibited the carboxylase activity of S more than that of R. In experiments using 0.01 M azide and pyruvate as substrate, at the end of the third hour S was inhibited 98 per cent and R 78 per cent at a pH of 6.0; S was inhibited 55 per cent and R 35 per cent at a pH of 7.0.
d. Methylene blue reduction. Concentrations as low as 0.0001 M inhibited both S and R equally. As with the foregoing instance of inhibition of CO2 production, the important point here is that the inhibition cannot involve heme systems because they are considered to be inactive under such anaerobic conditions. S. Urethane. Urethane is one of the so-called "indifferent narcotics" and apparently inhibits flavoprotein enzymes (Quastel, 1943 (Sevag and Green, 1944) , their mechanism of growth inhibition is still not conclusively known (Henry, 1943) . a. Growth. The medium used here was casein hydrolyzate with and without 0.5 per cent glucose. R was inhibited more than S. Both S and R were inhibited more in the presence of glucose. approximately 9 X 108 bacteria per ml in final suspension) were added to each system. The medium was M/30 phosphate buffer of pH 7.2, and the substrate was glucose.
(2) Growing bacteria. There was a greater inhibition of respiration here, R being inhibited more than S. Inhibition was observed at the first 30-minute reading. In an average of two experiments, S was inhibited 13 per cent and R 31 per cent during the first 2 hours. Between the second and fourth hours stimulation of both respiration and division developed. The medium here was casein hydrolyzate, and the initial inoculum was 0.3 mg organisms (0.12 mg or approximately 3.6 X 108 bacteria per ml in the final suspension).
c. Anaerobic glycolysis. There was no inhibition in either S or R by 0.0066 M sulfathiazole. If the presence of some particular system in either the S or R strains accounts for their susceptibility or resistance, then by inhibiting this system, the characteristic may be lost. In view of this, the four inhibitors, azide, cyanide, urethane, and sulfathiazole, were added in concentrations giving growth inhibitions of from 20 to 80 per cent, and each strain was observed for changes. To 2-hour broth cultures of the bacteria the proper amount of inhibitor was added, and the tubes were incubated for 2 to 3 hours, allowing growth in the presence of the inhibitor. After this time the phage was added in excess. Under all conditions the S strain retained its high degree of susceptibility and the R variants remained resistant. This work was done aerobically only. It was found, however, that both S and R strains grew well under anaerobic conditions and retained their resistance and susceptibility.
DISCUSSION
The phage-resistant variants utilized in this study were less active than the parent sensitive strain. This observation has been made in other cases of resistance developed toward phage (Anderson, 1944; Demerec and Fano, 1945) and toward other agents including sulfonamides (Sevag, 1946; Yegian et at., 1946) , penicillin (Rake et al., 1944) , streptomycin (Klein and Kimmelman, 1946) and pyrithiamine (Woolley, 1944) . This lower level of activity was evidenced by slower growth rates, decreased aerobic oxidation of sugars, and a decreased dismutation of pyruvate (anaerobic), the latter observation indicating less carboxylase activity. On the other hand, anaerobic glycolysis of fructose and mannose was greater in the R variants. Ethyl urethane was found to inhibit the growth and oxygen consumption of the R variants to a greater degree than the growth and oxygen consumption of the parent S strain, but the enzyme or enzymes involved in the inhibition are unknown in this case. A direct study of the glucose dehydrogenase activity in Thunberg tubes showed in the earlier experiments that R possessed greater activity than S and was inhibited lese than S by urethane. In later experiments, however, this differentiation was lost: S and R possessed equal glucose dehydrogenase activity and were equally inhibited by urethane in the Thunberg tube, although-the former differences in growth and oxygen consumption inhibition persisted. The fact that in the earlier stages of this study the R variants did reduce MB at greater velocities than the S strain but suddenly lost this differentiation can only serve to emphasize once again the general instability of bacteria, and to make one cautious in concluding that a causative relationship exists between two variables between which there is a correlation.
Sulfathiazole was also found to inhibit the growth and oxygen consumption of growing cells of the R variants more than the growtb and oxygen consumption of the S strain, but again the mechanism responsible for this difference is not known.
Approximately 20 per cent of the total oxygen consumption was found to be insensitive to cyanide. Some of this cyanide-stable respiration is apparently connected with growth, because concentrations of cyanide giving maximum inhibition of respiration fail to produce complete growth. inhibition. Since growth of both S and R variants is inhibited more in the presence of glucose, it is strongly suggested that a considerable portion of the energy derived from glucose oxidation is utilized by growth processes.
Only 12 per cent of the total oxygen consumption was insensitive to azide, indicating that azide interferes with reactions that are not cyanide-sensitive. It is interesting that at pH 6.0 this insensitive fraction was approximately doubled. As already stated, there have been numerous indications that azide and cyanide behave very differently, and a conclusive example has been found in this particular study. Thus, cyanide was found to inhibit anaerobic glycolysis and MB reduction (glucose substrate) only in concentrations producing maimum inhibition of growth and oxygen consumption. Such an inhibition may result most likely from a combination of cyanide with substrate. Azide, on the contrary, inhibited anaerobic glycolysis and MB reduction at concentrations much lwer than those required for inhibition of oxygen consumption. It is concluded, therefore, that here azide is a very powerful and rather specific inhibitor of a nonheme enzyme. Since no significant differences were observed in inhibitions of S and R variants with cyanide, it is concluded that resistance is not associated with the cytochrome-cytochrome oxidase systems. The only difference observed in inhibition of S and R by azide was that of anaerobic glycolysis, in which R was inhibited more than S. The enzymes involved in this difference are likewise not clear. The reduction of MB with glucose as substrate was inhibited by azide equally in both S and R. Carboxylase (pyruvate = substrate) was inhibited more in the case of S; so it would appear that neither of these enzymes is responsible for this difference. The various enzymes, however, cannot be assumed to act in the same manner in a chain reaction as they do in isolated systems; therefore results obtained in a study of these isolated systems cannot be carried over and assumed to aDply to reactions in which many enzymes are at work in the actual growth and respiration processes.
SUMMARY
Three phage-resistant variants were isolated from a parent susceptible strain of Staphylococcus aureus, and a survey was made of the carbohydrate metabolism in an attempt to locate metabolic differences which might be associated with resistance and susceptibility.
The resistant variants had slower rates of growth, aerobic oxidation of sugars, and dismutation of pyruvate. Anaerobic glycolysis of fructose and mannose, however, was greater in the resistant organisms. A study of the effects of various inhibitors showed significant differences in the case of three of the four inhibitors used, namely ethyl urethane, sodium azide, and sulfathiazole. Ethyl urethane inhibited the growth and oxygen consumption of both resting and growing cells of the R variants to a greater degree than it did the growth and oxygen consumption of the S strain. Azide inhibited anaerobic glycolysis by the R variants more than that by the S variant. Sulfathiazole inhibited the growth and oxygen consumption of growing cells more in the case of the R variants. In none of these instances can the cause of the difference be defined; the enzyme or enzymes involved are not identified. The resistant variants, with their lower level of activity, undoubtedly lack certain properties or systems possessed by the S variants, and are less versatile in making use of the various metabolic pathways. The addition of these four inhibitors independently in concentrations giving partial inhibition of growth failed to alter sensitivity and resistance to phage of the S and R variants.
No evidence was obtained to indicate a direct relationship between any of the differences found between resistant and susceptible variants and resistance and susceptibility.
